The lack of direct bonding between the surface of an implant and the mineralized bony tissue is among the main causes of aseptic loosening in titaniumbased implants. Surface etching and ceramic coatings have led to improved osteointegration, but their clinical performance is still limited either by partial bonding or by coating delamination. In this work, a solid-phase synthesis method has been optimized to produce poly(1-lysine) dendrons, the outermost branching generation of which is functionalized by phosphoserine (PS), a known catalyst of the biomineralization process. The dendrons were deposited onto etched titanium oxide surfaces as a near-to-monolayer film able to induce the formation of a homogeneous calcium phosphate phase in a simulated body fluid over 3 days. The dendron films also stimulated MG63 and SAOS-2 osteoblast-like cells to proliferate at a rate significantly higher than etched titanium, with SAOS-2 also showing a higher degree of differentiation over 14 days. PS-tethered dendron films were not affected by various sterilization methods and UV treatment appeared to improve the cell substrate potential of these films, thus suggesting their potential as a surface functionalization method for bone implants.
Introduction
The clinical performance of most biomedical implants is linked to the ability of their surface to integrate with the surrounding tissue. Tissue integration has been pursued by materials scientists through surface modification techniques. In the case of implants for dental and orthopaedic applications, metal surfaces have been treated by etching techniques or by coating with ceramic or polymeric materials. These treatments aim at enabling the implant surface to promote the adhesion, proliferation and differentiation of the relevant tissue cell types and their ability to produce a new extracellular matrix [1] . Indeed, in the case of bone implants, integration is also dependent on the ability of the surface to establish a covalent bonding with the mineralized extracellular matrix of the repairing tissue [2] . For example, etching and other types of surface treatments can provide the implant with a nanotopography, improving cell adhesion, and with functional groups catalysing biomineralization [3, 4] . Although these treatments have led to a significant improvement in osteointegration, their clinical performance is still limited by the implant destabilization caused by either partial metal/bone bonding or coating delamination [4, 5] .
As an alternative, methods have been developed to functionalize the surface of biomedical implants with molecular films able to expose specific functional groups, encouraging cell adhesion and the deposition of a mineral phase [5 -7] .
Phosphoserine (PS) is considered as the most effective functional group in inducing biomineralization in living tissues [8] . When integrated in the structure of proteins and cell membrane phospholipids (i.e. phosphatidylserine), this phosphated amino acid is able to catalyse the formation of apatite crystals. The key role played by the phosphatidylserine-bearing matrix vesicles in bone formation is a typical example of the PS biomineralization potential. Recently, phosphatidylserine-based coatings that are able to induce implant surface mineralization in vitro and osteointegration in vivo have been developed [9] [10] [11] . Although effective in inducing osteointegration, the deposition of these phospholipid-based coatings onto biomaterial surfaces is not easy to control, thus leading to relatively thick and unstable, soft coatings [11] .
Dendrimers are highly ordered three-dimensional, hyperbranched polymers forming nanostructures with tuneable physico-chemical properties [12] . Dendrimers can be obtained from different types of monomeric molecules that share the ability to develop into branching macromolecules. Dendrimers have been produced from synthetic molecules (e.g. polyamido amine) and from amino acids (e.g. polylysine) and carbohydrates [12] [13] [14] . There are two main methods to synthesize dendrimers [12, 15] : (i) divergent synthesis where a core molecule with multiple reactive sites is used to form chemical bonding with a reactant and where the formed complex is later reacted with a molecule capable of generating another branching point and (ii) convergent synthesis where fragments of dendrimers are added to the core molecules and thus assembled. When the synthesis is performed in liquid phase, although the shape and symmetry of the dendrimer depends on the physico-chemical properties of the molecules used for its synthesis, the polymer branching generally leads to a spherical structure [16] . Conversely, when the synthesis is performed in solid phase, the branching polymer develops a dome-like (semi sphere) or tree-like structure, the dendron. By both methods, it is possible to obtain dendrimers (or dendrons) with several branching levels (generations, G n ). It has been reported that dendrimers of up to 10 branching generations can be synthesized [17] . However, molecular imperfections caused by steric hindrance during the synthesis are likely to occur with macromolecules exceeding four generations of branching. For this reason, in the present work, G 3 PS-tethered dendrons were chosen to increase PS exposure and nano-roughness without incurring any molecular defects.
From a biotechnological viewpoint, both dendrimers and dendrons offer a unique opportunity to expose both functionalities favouring bio-interactions and a nanostructure controlling nanotopography. Indeed, dendrons have been designed to increase the affinity of specific bioligands to cell receptors by functionalizing the outermost branching of the dendrimer with the targeted bioligand [18] .
In this work, a solid-phase synthesis method is used to generate poly(1-lysine) (PL) dendrons, the last branching generation of which (G 3 ) is functionalized by PS. This new class of dendrons (PL-PS) was used to deposit a near-to-monolayer film on titanium-based substrates used in the manufacture of dental and orthopaedic implants. The optimization of the surface functionalization as well as its ability to promote surface biomineralization and cell adhesion and proliferation was evaluated in comparison with titanium surfaces etched by conventional methods. 
Material and methods

Metal implant functionalization
Freeze-dried PL-PS powder was re-suspended in ethanol/water (75 : 25 v/v) solutions at 2.3 mg ml
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. Medical grade 5 titanium alloy (Ti 6 Al 4 V, code 6421) discs were supplied by Eurocoating and were etched in 5 M NaOH for 24 h at 608C in a water bath with shaking at 100 r.p.m. The etched discs underwent either dip coating or several steps of spray coating with the G 3 PL-PS solutions. The optimized spray-coating procedure was performed by a commercial spray system (Fisher Scientific, UK) at a distance of 15 cm from the target. Spray pulses of 1 s were applied. The discs were washed three times in deionized water and subsequently dehydrated at room temperature under sterile conditions. Finally, the discs were sterilized by either UV or gamma irradiation following standard industrial procedures. Coating stability was also evaluated by repeated washing steps in either distilled water or a surfactant solution (7X-PF; MP Biomedicals LLC, UK) under sonication for 30 min. The release of PL-PS dendrons in solution was tested by the Bradford protein assay (Biorad, UK). Six discs per coating procedure were prepared to assess the reproducibility of the various methods. The surface morphology of the coatings and their stability during washing procedures were assessed by scanning electron microscopy (SEM) at 5 keV at different magnifications and compared with the surface morphology of the NaOH-etched discs.
Assessment of the biomineralization potential
The coating mineralization potential was tested by incubation in Kokubo's simulated body fluid (SBF), at 378C for 72 h [19] . Ti 6 Al 4 V surfaces before and after PL-PS dendron functionalization as well as after their incubation in SBF were thoroughly washed in deionized water, freeze-dried, mounted on SEM stubs and coated with palladium by means of a standardized procedure. The samples were analysed by SEM at 5 keV at different magnifications and their elemental composition assessed by electron diffraction by elemental dispersive X-ray (EDX) analysis. Alternatively, uncoated and coated disc surfaces before and after incubation in SBF were stained by alizarin red according to an established procedure and the samples visually inspected for the development of red staining.
Assessment of the cell substrate properties
The ability of the PL-PS films to support osteoblast adhesion and proliferation was tested on two cell lines, the osteosarcoma rsif.royalsocietypublishing.org J R Soc Interface 10: 20120765 MG-63 and the SAOS-2 osteoblast-like cells. Cell adhesion tests were performed by incubating MG63 cells at a density of 3 Â 10 3 cells/disc in 10% (v/v) foetal calf serum-enriched Dulbecco's modified Eagle medium. The cells were allowed to adhere for 3 h, at 378C, under a 5 per cent CO 2 /95 per cent air flow, in static conditions. After three washes in phosphatebuffered saline, pH 7.2, cell morphology was studied by staining of the samples with 10% (w/v) rhodamine -phalloidin followed by epi-fluorescence, using an Olympus microscope equipped with a Nikon camera. The experiments were performed in triplicate on both uncoated (NaOH etched) and PL-PS-coated discs.
MG-63 cells were also used for a preliminary proliferation study on UV-sterilized PL-PS-coated discs. The cells were seeded at 5 Â 10 3 cells/disc and proliferation stopped at 24, 48 and 72 h. Samples were washed and rapidly stained with Hoechst-propidium iodide and their number counted by epi-fluorescence microscopy. Later, a complete set of cell proliferation experiments was repeated on gamma-irradiated uncoated and coated surfaces by using SAOS-2 cells at the same cell density in McCoy's 5A medium. As a comparison with the previous experiments, this analysis was also performed on PL-PS-functionalized surfaces that were sterilized by either UV or gamma rays. All the experiments were performed in triplicate for each type of surface treatment and readings were taken at 30Â magnification from three different fields on each disc. Cell proliferation was expressed as the mean + s.d. of the number of viable cells/field. SAOS-2 osteoblasts were also used to assess the ability of the substrates to support cell differentiation. The cells were seeded at 5 Â 10 5 cells/disc and allowed to proliferate for 7, 14 and 21 days. After proliferation, the samples underwent a lysis step by repeated freeze -thawing. The lysis supernatants were separated and frozen at -708C until tested for alkaline phosphatase (ALP) activity and total protein content. Both ALP activity and total protein content were established by standardized methods [17] . Data were obtained in duplicate from each sample. Six discs per type were analysed for each time point. Data were expressed as the mean + s.d. of the ALP-specific activity (arb. unit/mg protein).
All data were statistically analysed by ANOVA (Tukey's test) using MINITAB software (v. 15). 622 m/z. The fragments at 1521.9 and 922 m/z represent the complete synthesis of the dendron (G 3 PL-PS, which is represented as M). Only one peak was observed after analytical HPLC and the MS spectra of the PL-PS dendrons after their sterilization by either UV or gamma-irradiation showed no detectable mass change (data not shown). These data combined with the gravimetric analysis showed that PL-PS dendrons could be synthesized at a scale higher than 60 mg per batch, with a degree of purity higher than 95 per cent, as determined by HPLC ( figure 1a) . Dip coating in PL-PS solution under different conditions resulted in films of different thickness with a relatively low degree of reproducibility (data not shown). Conversely, the optimized spray-coating procedure, consisting of three spraying steps at a distance of 15 cm for 1 s, led to the reproducible deposition of a thin PL-PS film (figure 2). When compared with the control etched surfaces (figure 2a), spray coating of PL-PS on Ti 6 Al 4 V discs showed a nano-structured surface with a scale of texturization that was relatively finer than the etched materials (figure 2b). The presence of the coating after extensive surface washing with distilled water suggested a relatively strong binding of PL-PS dendrons onto Ti 6 Al 4-V. Indeed, only a relatively prolonged washing regime in detergent led to release of dendrons in the supernatants.
Results
Incubation of Ti 6 Al 4 V surfaces in SBF was detectable mineralization after 72 h ( figure 3a,b) , while PL-PS-coated Ti 6 Al 4 V induced the deposition of a calcium/phosphate-based mineral phase homogeneously encased in the dendrimeric film and larger crystal formations emerging from the film mesh ( figure 3c,d) . EDX confirmed the presence of calcium and rsif.royalsocietypublishing.org J R Soc Interface 10: 20120765 phosphate on the functionalized surfaces (figure 3e,f ). The two ions were positively identified in the SBF-treated PL-PS films. However, the thin nature of the film was close to the EDX detection limit, thus producing only relatively small signals. Alizarin red staining showed no detectable biomineralization on the uncoated discs after 72 h, but a positive staining was consistently observed in the case of the PL-PS film. The irradiation of the film with either UV or gamma rays did not affect its biomineralization potential (data not shown).
The cell adhesion study with a short incubation time clearly showed the ability of the PL-PS film to support the When adhering on PL-PS-coated discs, the cell spreading led to an organization of the cytoskeleton that followed the surface texture profile (figure 4b). The cells were also homogeneously distributed across the disc surface and no significant sign of clustering was observed. The degree of spreading and distribution across the surface was similar to that observed in the case of the tissue culture plate samples (figure 4c). Cell proliferation with both MG-63 and SAOS-2 osteoblastlike cells clearly showed that the presence of the PS-PL films on the titanium surface significantly increased the ability of the metal disc to accelerate cell proliferation ( figure 5a,b) . In the case of both the MG-63 and the SAOS-2 cells, higher numbers of viable cells were observed at 24 h, while SAOS-2 cells adhering on gamma-irradiated titanium recovered their proliferation at longer incubation times. The cell number found on PL-PS films at the different experimental times was comparable to that of the control tissue culture plate.
The differentiation of SAOS-2 cells on UV-and gammairradiated surfaces over 21 days clearly demonstrated that the peak of ALP-specific activity at day 14 was higher for cells adhering on UV-irradiated PL-PS films than for those adhering on uncoated gamma-irradiated titanium and gamma-irradiated PS-PL films, the latter still showing levels of ALP enzymatic activity similar to the control (figure 6).
Discussion
Aseptic mobilization of metal implants and their consequent failure are largely determined by the lack of a stable bond between the implant surface and the surrounding bone mineralized extracellular matrix [20] . Surface engineering has so far focused on producing macroporous surfaces that favour the interlocking of the bone with the implant [21] .
This macroporosity has been obtained by plasma spraying of either titanium beads or ceramic coatings on the metal surface [22, 23] . Plasma spraying of metal beads as well as surface treatments including surface etching are to produce a surface topography with a degree of roughness at the microscale level. This surface texturization has been shown to lead to a clear improvement in cell adhesion in vitro [24, 25] . However, in vivo studies have demonstrated that these surface treatments are still not adequate to ensure complete bonding of the mineralized bone extracellular matrix to the implant surface [26, 27] . Rather, a micrometre-scale gap of soft tissue forms that prevents intimate bonding between the metal surface and the implant.
The use of ceramic coatings has successfully led to complete bonding between the implant surface and the surrounding bony tissue [28] . However, it is known that the use of plasma spray leads to the formation of a relatively thick coating that lacks sufficient bonding stability with the underlying metal substrate. As a result, upon integration with the surrounding bone, ceramic-coated metal implants tend to undergo delamination and, consequently, mobilization [29, 30] .
It has been envisaged that the oxide layer that spontaneously forms on the surface of titanium during its exposure to the environment can be exploited for thin and stable osteointegrative films. In a recent approach, anodic spark deposition has been used to obtain films of approximately 2 mm thickness encased in the titanium oxide layer and exposing a surface morphology with a degree of roughness in the cell-recognition range [31, 32] . Although representing a significant step forward towards the stabilization of ceramic coatings, the control of the anodic spark deposition process and the micrometre-scale thickness of the coating may still not ensure batch-to-batch reproducibility and adequate stability under mechanical stress. For these reasons, it has been envisaged that thin molecular layers could be adopted that have the necessary characteristics to facilitate direct bonding of the repairing bone to the metal surface [33, 34] . Following this approach, previous work has attempted to optimize the deposition of thin films of rsif.royalsocietypublishing.org J R Soc Interface 10: 20120765
calcium-binding phospholipids able to accelerate the formation of a mineral phase upon contact with body fluids. Coatings of phosphatidylserine have been applied to titanium surfaces and have been shown to improve the biomineralization and cell substrate potential of metal surfaces in vitro [9, 35] . However, the deposition of these phosphatidylserine-based coatings is difficult to control, leading to relatively thick coatings with a relatively slow absorption rate in vivo [11] . The present work aimed at optimizing osteointegrative films of macromolecular thickness able to expose a high surface density of the most potent natural biomineralization agent, PS. The activation of the titanium surface by chemical etching allowed the formation of a stable bond between the titanium oxide layer and the dendron. It is envisaged that such a thin and tightly bound film could be relatively more stable under surgical procedures and biomechanical stresses, thus reducing the risk of aseptic loosening.
Unlike the usual pattern of material biomineralization where hydroxyapatite crystal nuclei randomly and sparsely form across the surface after relatively long periods of incubation in SBF [36] , the PL-PS film is homogeneously and rapidly encased in a calcium phosphate-based mineral phase. Previously the use of poly(ethylene imine) dendrons has been shown to induce nucleation of calcium phosphate onto the surface of NaOH-treated titanium upon incubation in SBF [37] . Regardless of their limited clinical significance, biomineralization experiments in SBF were performed to assess whether the grafting of the PS to the G 3 PL dendron had changed its calcium phosphate crystal nucleation potential. The relatively rapid biomineralization of the titanium surface when functionalized with the PL-PS film suggests that the grafted PS is accessible to the calcium and phosphate ions of the SBF. These results suggested that the reaction between the titanium oxide layer activated by the chemical etching and the dendron did not significantly involve the PS moiety. Moreover, the experiments in SBF provide insights into the molecular basis of the PS biomineralization potential. The chemistry adopted in this study to graft the PS to the G 3 PL allowed the peptidic bonding of PS to the exposed PL primary amino groups through the PS carboxylic group. Such a covalent bond left exposed the phosphorus groups that, in natural phosphatidylserine, act as bridges between PS and the phospholipid aliphatic chains. It has been suggested that the crystal nucleation potential of the PS resides in the relatively high calcium-binding capacity of the molecule rather than in a high binding affinity [38] . A high calciumbinding affinity would subtract the calcium ion to the phosphate, thus limiting the clustering of the two counterions and the crystal nucleus formation. In the case of the PS, the relatively high binding capacity leads to the retention of calcium ions in proximity to the PS zwitterionic molecule, thus enhancing the ion's ability to interact with the phosphate ions. According to this proposed mechanism of action, the data collected in the present study demonstrate that the availability of free carboxylic groups is not necessary to preserve the PS calcium-binding capacity and, as a consequence, its crystal nucleation potential. While enhancing the stable bonding of the implant surface with the mineralized bone extracellular matrix, the presence of a mineralized PL-PS film was thought to improve the substrate properties of the implant towards osteoblasts. The data in the present study show that, regardless of the type of cell line used, the presence of the film improves osteoblast adhesion and proliferation. More importantly, once colonized by osteoblasts, this film appears to stimulate their differentiation at a level significantly higher than that of the unmodified surfaces. Therefore, it can be speculated that the rate of bone formation around PL-PS-functionalized implants in vivo may be significantly higher than nonmodified implants. The combination of a relatively fast biomineralization process and cell activity suggests that this type of surface may reduce the risks of formation of a nonmineralized layer at the implant -tissue interface. Studies of differentiation of primary murine bone marrow stem cells on the PS-tethered dendron films have clearly shown the ability of these substrates to induce cell differentiation into mature osteoblasts [39] . Real-time PCR showed a significant increase in the expression of markers such as ALP and osteocalcin.
In view of its possible clinical use, the osteointegrative potential of the PL-PS film was also tested after sterilization with conventional irradiation methods. In particular, the effect of UV and gamma radiation was tested on the freezedried PL-PS dendrons prior to their application as films on titanium surfaces as well as on the films deposited on titanium surfaces. Although MS analysis showed no significant change in the molecular weight profile of the dendrons, and SBF experiments showed no alteration of the biomineralization potential of the film, cell studies showed a different response of the osteoblasts to the films sterilized by different methods. It appears that sterilization by UV irradiation was the most suitable approach. This method appeared to increase the cell proliferation rate in the first 24 h of incubation and led to a significantly high level of cell differentiation, with the ALP-specific activity reaching its highest value after 14 days in culture. However, it has to be outlined that, even after the gamma-irradiation treatment, the sterile PL-PS film offered substrate properties that encouraged levels of cell proliferation and differentiation similar to those of the control tissue culture plate.
Conclusion
PL-PS dendrons are a reproducible and scalable technological platform to produce thin macromolecular films on titanium oxide surfaces that provide the advantage of increasing the density of functional groups key to the integration of an implant with the surrounding tissue. When tethered with PS molecules, dendrons can be deposited as a film able to induce the formation of a thin and homogeneous mineral phase encased in its mesh. The mesh also exposes to adhering osteoblast cells a nano-texture that favours their adhesion and that stimulates their short-term proliferation and differentiation. When combined, the properties of PL-PS films delineate a novel route towards the development of new fully osteointegrative metal implants.
